INTRODUCTION {#sec1-1}
============

*Blastocystis* is a unicellular, anaerobic, eukaryotic protist which lives in the intestinal tract of diverse hosts including humans. The organism exists in different morphological forms with each form showing considerable variations in size. It is one of the frequently encountered parasites in human faecal samples in the developing countries.\[[@ref1]\] Currently it is estimated that more than 1 billion humans across the world would be colonized with *Blastocystis* (C. R. Stensvold, personal communication, March 28, 2013). Although, it was originally named *Blastocystis hominis*, recent phylogenetic studies suggest to limit the name to "*Blastocystis* species," due to the genetic diversity exhibited by the members within the genus.\[[@ref2]\] The organism was initially considered to be a commensal, but later observations and studies strongly suggest it to be a pathogen. Although this is supported by strong clinical and scientific evidences, the virulence factors, pathogenicity and other risk factors involved in disease manifestation are still obscure.\[[@ref3]\] This review addresses the issues and discusses the recent advances in taxonomy, morphology, life cycle and pathogenic potential of *Blastocystis*.

TAXONOMY {#sec1-2}
========

The various observations made over the years to arrive at the present taxonomical status of *Blastocystis* would probably be one of the most intriguing stories for any taxonomist. The first observations of the organism were made independently by Brittan and Swayne while studying the infamous cholera epidemic of London in 1849. They had observed various then-unknown parasitic ova and cysts including *Blastocystis* and collectively tagged them as cholera bodies and suggested them to be the causative agents of cholera. It was only in the early 1900s that the organism was specifically observed by Alexeieff and Emile Brumpt independently, who proposed it to be harmless saprophytic yeast of the intestinal tract. The genus name "*Blastocystis*" was coined by Alexeieff while Brumpt provided the species name, "*hominis*."\[[@ref4]\] Over five decades later in 1967, Zierdt *et al*., reclassified the organism as a *Protist* based on its morphology and phenotypic properties such as the presence of one or more nuclei, cellular organelles like mitochondria, Golgi apparatus and endoplasmic reticulum, failure to grow on fungal media, resistance to antifungal agents and susceptibility to antiprotozoal drugs.\[[@ref5]\]

With the advent of molecular tools, the task of finding a successful taxonomical home for this enigmatic organism was accomplished in the year 1996. By the molecular analysis of small sub-unit rRNA (SSU-rRNA) and elongation factor 1α, Silberman *et al*., placed the organism under the eukaryotic phylum, Heterokontophyta.\[[@ref6]\] Although, this taxonomic status was initially considered controversial by other studies, which showed the resemblance of *Blastocystis* to Protists, later studies using multiple molecular sequence data confirmed it to be a heterokont, ruling out the taxonomic ambiguity.\[[@ref7][@ref8]\] There are over 100,000 members in the phylum Heterokontophyta commonly called as heterokonts or stramenophiles comprising of algae, diatoms, slime moulds and oomycetes, while *Blastocystis* forms the newer member of this complex group of "botanical Protists."\[[@ref1][@ref9]\] Although this classification seems satisfactory at the molecular level, there is a discrepancy in morphology between *Blastocystis* and other stramenophiles. In general, the stramenophiles have flagella surrounded by lateral hair like mastigonemes, which is characteristically absent in *Blastocystis*. Hence there is a proposal to revise the current five kingdom classification and place this organism in a separate sixth kingdom named "Chromista."\[[@ref10]\]

Deducing the identity of the organism to the species level is still an unresolved challenge. Earlier, the species name was given based on the host from which it was isolated such as *B. hominis* from humans, *B. ratti* from rats etc., Subsequently, *Blastocystis* was isolated from diverse hosts as well as human-animal; animal-human transmission was noted.\[[@ref11]\] These observations warranted a change in the specific names which prompted various reports attempting to classify the different species of *Blastocystis*, based on their ultra-structural electron microscopic morphology.\[[@ref12][@ref13]\] It was later found that the host specificity and the pathogenic potential of different isolates correlated with sequence variations in the SSU-rRNA. Based on these variations, the members of the genus are classified into several subtypes (ST), which could possibly be termed as species.\[[@ref11]\] More recently, the small sub-unit rDNA (SSU-rDNA) was found to have a better correlation with ST and 17 ST have been reported till date.\[[@ref14]\] At present it is appropriate to limit the nomenclature of the organism as "*Blastocystis* species" and it must further be characterized only by molecular subtyping of the SSU-rRNA or SSU-rDNA.\[[@ref2]\]

BIOLOGY {#sec1-3}
=======

*Blastocystis* is found to colonize the intestinal tract of a wide variety of hosts such as insects, reptiles, birds and mammals.\[[@ref11]\] The host specificity seems to correlate with the ST. Among the 17 ST identified, ST1-8 can colonize/infect human as well as non-human hosts, ST9 is found to occur only in humans and ST10-17 are exclusive to non-human hosts.\[[@ref14]\]

*Blastocystis* is a strict anaerobe. Although, numerous intracellular organelles resembling mitochondria are seen, they are completely devoid of cytochrome enzymes.\[[@ref15]\] These organelles have the property of both the mitochondria of aerobes and the hydrogenosomes of anaerobes and are involved in various metabolic pathways such as amino acid metabolism, iron-sulfur cluster biogenesis and tricarboxylic acid cycle.\[[@ref16][@ref17]\] It is has also been observed that the organism is capable of synthesizing various essential cellular phospholipids and accumulate them within storage vacuoles.\[[@ref18][@ref19]\] The generation time of the organism observed *in vitro* in axenic media is 17-22 h; however, it varies on different media.\[[@ref20]\] In cultures on xenic media followed by axenization the generation time is shorter, ranging 7-12 h.\[[@ref21]\] Generation time is also found to vary among different strains or ST.\[[@ref22]\]

The ability of the organism to undergo apoptosis under adverse conditions has been demonstrated.\[[@ref23]\] This phenomenon has been observed when the cells are exposed to aerobic conditions and also in the presence of anti-parasitic agents such as metronidazole.\[[@ref24][@ref25]\] It has been postulated that apoptosis serves as a mechanism to increase the number of viable cells during stressed conditions.\[[@ref26]\]

MORPHOLOGY {#sec1-4}
==========

The baffling range of morphological forms of existence identified in *Blastocystis* species further mystifies the enigma surrounding the organism. It was only very recently identified that *Blastocystis* species produce cysts which could develop into vegetative forms.\[[@ref27][@ref28]\] Apart from the well characterized vacuolar, granular and amoeboid forms, other vegetative forms such as the avacuolar and the multi-vacuolar forms have also been identified.\[[@ref29]\] The organism is also known to assume bizarre morphologies such as the medusa head form and chestnut burr cell on exposure to oxygen and in ageing cultures respectively.\[[@ref4]\] Various microscopic techniques such as phase contrast microscopy of wet mounts, bright field microscopy of wet mount and stained smears and electron microscopy have been used to study the morphology. Considering the availability of detailed and extensive reviews on the morphology of *Blastocystis*,\[[@ref4][@ref30]\] only the salient features are described here \[[Figure 1](#F1){ref-type="fig"}\].

![(a) Vacuolar forms of *Blastocystis* having a large centrally placed vacuole showing extensive variation in size (arrows), (b) Granular forms with distinct granules filling the central body, (c) Amoeboid form with characteristic pseudopodia, (d) Cyst forms. Note the smaller size and the characteristic refractile cyst wall surrounded by loose irregular outer coat. Bar-10 μm. Reproduced from Kevin S. W. Tan (reference 1) with permission](TP-3-17-g001){#F1}

The vacuolar form comprises a large central vacuole which occupies most of the cell space, limiting the cytoplasm and other intracellular components to a thin peripheral rim. This morphological form shows extensive variations in size ranging from 3 μm to 120 μm in diameter \[[Figure 1a](#F1){ref-type="fig"}\].\[[@ref31]\] The size of these forms isolated from humans can range from 4 μm to 63 μm, with the majority of the isolates measuring 5-15 μm in diameter.\[[@ref32][@ref33]\] Initial reports identified this morphological form of *Blastocystis* by wet mount microscopy observing a central empty space and hence labeled it as vacuolar form. Subsequently it has been found that these so called vacuoles are actually membrane bound bodies containing unevenly distributed flocculent or fine granular material made up of carbohydrates and lipids.\[[@ref32][@ref34][@ref35]\] Hence certain authors prefer to call it as the central body form, where the central body possibly functions as a storage organelle.\[[@ref36]\] In addition to the storage function, studies have identified that the central body plays an integral role in the programmed cell death of the organism.\[[@ref23]\]

The peripheral cytoplasmic rim of the central body form usually contains one or two nuclei and rarely more than two.\[[@ref33]\] Mitochondria and other organelles are usually seen as rosettes surrounding the nucleus forming thickened pods in the cytoplasmic rim. These "nuclear-organelle pods" cause an inward bulge in the membrane of the central body.\[[@ref4]\] Occasionally, the cytoplasm with or without organelles may extrude as membrane bound filaments into the central body. These invaginated cytoplasmic filaments are presumed to be involved in the apoptosis of the organism which is yet to be proven.\[[@ref37]\] A surface coat or capsule of varying thickness is seldom seen surrounding the organism, especially in fresh clinical isolates and is lost on subculture. The surface coat serves to protect the organism from osmotic shock and is also postulated to be involved in trapping bacteria for nutrition.\[[@ref13][@ref38]\]

The granular form structurally resembles the vacuolar form except for the presence of granules in the central body and the cytoplasm \[[Figure 1b](#F1){ref-type="fig"}\]. Electron microscopic studies have identified three types of granules namely metabolic, reproductory and lipid granules. The metabolic granules are exclusively found in the cytoplasm and are involved to carry out the various metabolic pathways of the organism. The reproductory granules are seen only within the central body and the suggestion of their role in schizogony is currently considered obsolete.\[[@ref39][@ref40]\] The lipid granules serve as storage bodies and are seen both in the cytoplasm and in the central body.\[[@ref41]\] The granular forms show a lesser degree of pleomorphism as compared to the vacuolar forms. The average diameter of the granular forms ranges from 15 μm to 25 μm and the largest is reported to be 80 μm.\[[@ref42][@ref43]\]

The amoeboid form is comparatively less frequently identified than the vacuolar and granular forms. They are irregular in shape and usually measure around 10 μm in size \[[Figure 1c](#F1){ref-type="fig"}\].\[[@ref41]\] Although the possession of one or two pseudopodia is a characteristic feature, the amoeboid forms are non-motile.\[[@ref1]\] The cytoplasm may either contain a single large vacuole as that of the central body form or have multiple smaller vacuoles.\[[@ref44]\] It has been presumed that the central body form acquires an intermediate amoeboid form before conversion to cysts during which they feed on bacteria to acquire nutrition for encystment.\[[@ref45]\] As these forms are increasingly being identified in symptomatic patients with diarrhea, recent reports suggest the possibility of amoeboid forms being pathogenic.\[[@ref46][@ref47]\] Due to their small size and resemblance to neutrophils and macrophages these forms are easily missed during stool examination. To differentiate them, Zierdt suggested performing a gram stain of air-dried unfixed smear where the amoeboid forms lyse on exposure to air while the leucocytes remain intact.\[[@ref4]\]

The cyst form is the most recently described form of the parasite. They are spherical to ovoid in shape and smaller than the vacuolar and the granular forms \[[Figure 1d](#F1){ref-type="fig"}\]. Cysts isolated from humans are usually 3-6 μm in diameter and do not exceed 10 μm while larger cysts have been isolated from animal hosts.\[[@ref12][@ref48]\] The distinct feature of the cyst form is the presence of a thick multi-layered cyst wall. In addition to the characteristic cyst wall, the newly formed cysts may in turn be surrounded by the surface coat of the vacuolar form from which they develop or they might lose the surface coat and appear as naked cysts.\[[@ref49][@ref50]\] The cytoplasm is condensed and contains varying numbers of mitochondria and small vacuoles made of lipids or glycogen. The cysts isolated from humans are commonly binucleate; however, the number of nuclei can vary from one to four.\[[@ref27]\] The cyst form confers protection to the parasite during adverse conditions and are found to remain viable for up to 1 month at 25°C even on exposure to air. The cysts are now proven to be the transmissible infective forms, which on entering a suitable host develop into vacuolar forms.\[[@ref28][@ref51]\]

Studies have shown that each of the vegetative form can freely transform into other vegetative forms as a random, continuous process occurring *in vivo*. As a result of this transformation process, a plethora of intermediate forms are usually present in a fresh faecal specimen. But as they tend to assume various appearances, the morphology of these intermediate forms could not be well characterized and are hence often overlooked.\[[@ref50]\]

Although the classically described vacuolar and granular forms are customarily used in the microscopic identification of the organism, recent studies have questioned their *in vivo* significance. By a study using supravital staining techniques, Vdovenko demonstrated that live organisms from fresh cultures were uniformly stained. Organisms stained after a time delay showed granular and vacuolar morphology with reduced intensity of staining over time. These observations suggest that the granular and vacuolar forms could indicate degenerative changes or fixation artifacts.\[[@ref52]\] In this context, the other morphological forms such as the avacuolar and the multi-vacuolar forms are gaining importance. These forms are smaller, measuring 5-8 μm in diameter and extreme variations in size does not occur. The avacuolar form is devoid of the central body while the multi-vacuolar forms have multiple small vacuoles of different sizes interconnected to each other or lying discrete in the cytoplasm.\[[@ref29]\] They are usually uninucleate but are occasionally found to be binucleate. The nuclei of the avacuolar forms are larger than that of any other morphological forms.\[[@ref30]\] While the old school of thought considers these forms as intermediates during transformation of the common vegetative forms, recent observations suggest the avacuolar and the multi-vacuolar forms to be the predominant forms *in vivo* and are frequently missed during microscopic examination due to the lack of awareness about them.\[[@ref28][@ref29]\] The occurrence of the various morphological forms is summarized in [Table 1](#T1){ref-type="table"}.

###### 

Occurrence of the various morphological forms of *Blastocystis in vivo* and *in vitro*

![](TP-3-17-g002)

LIFE CYCLE AND MODE OF REPRODUCTION {#sec1-5}
===================================

The life cycle of *Blastocystis* is not yet elucidated with surety, due to the lack of a proper animal model. However, some of the assumptions and misleading observations of the past have been proved wrong. Infectivity studies conducted on BALB/c mice and Wistar rats have proved that the cysts are the only transmissible forms of *Blastocystis* and are transmitted through the faeco-oral route.\[[@ref51][@ref62]\] Studies have revealed that suitable hosts could contract *Blastocystis* infection by drinking untreated water or eating raw aquatic plants contaminated with cysts.\[[@ref63][@ref64]\] Recent studies demonstrate that unclean hands can serve as fomites for transmission of cysts from infected individuals on direct contact or from contaminated soil.\[[@ref53]\] [Figure 2](#F2){ref-type="fig"} depicts the most probable life cycle of *Blastocystis* agreed by general consensus.

![(a) Cyst forms are excreted in the faeces of infected hosts, (b) Man acquires infection by consumption of food/water contaminated with faeces containing cysts, (c) Excystation occurs in the large intestine to release the vacuolar form. The vacuolar form (c1) can transform into the granular form (c2) or the amoeboid form (c3) and vice versa. The vacuolar form multiplies by binary fission (other modes of reproduction such as plasmotomy and budding can also occur). The vacuolar form undergoes encystation in the lumen of the large intestine to produce the cyst form which is shed in the faeces](TP-3-17-g003){#F2}

Upon ingestion, the cysts develop into vegetative forms only in the suitable host. The further continuation of the life cycle depends on the compatibility of the subtype with the host. The cyst form undergoes excystation in the large intestine to liberate the vacuolar form.\[[@ref62]\] The vacuolar forms can transform into any of the other forms. Frequent observations of the amoeboid, avacuolar and multi-vacuolar forms in diarrhea suggest a possibility that these forms might play a role in the pathogenesis.\[[@ref46]\] The vacuolar forms encyst in the intestinal lumen to form cysts which are shed in the faeces for further transmission.

Various authors have claimed to have observed either of the modes of reproduction such as binary fission, budding, plasmotomy, multiple fission, endodyogeny and schizogony.\[[@ref59]\] Binary fission of the vacuolar forms is the most commonly observed and well established mode of reproduction.\[[@ref28]\] Recent studies have confirmed that budding and plasmotomy are the other mechanisms of reproduction in *Blastocystis*.\[[@ref46]\] Earlier observations and assumptions of the existence of thick and thin walled cysts which undergo multiple fission to release the progeny are inconclusive due to the lack of scientific evidence.\[[@ref1]\] The possible role played by the reproductory granules of the central body in endodyogeny and schizogony is elusive as these modes of reproduction have not been supported by further studies.\[[@ref30]\]

VIRULENCE AND CLINICAL SIGNIFICANCE {#sec1-6}
===================================

The possibility of *Blastocystis* being a pathogen has long been a matter of debate. Numerous studies done across the world with a motive to identify the clinical significance of the organism have produced contradicting results, thereby adding to the existing controversy.\[[@ref65]\] Although recent accumulation of clinical evidence suggests the pathogenic potential of *Blastocystis*, one must bear in mind that it is still not proven conclusively till date.\[[@ref3]\]

At present, the most convincing yet unsatisfactory explanation to the pathogenicity of *Blastocystis* is the correlation of the ST with virulence.\[[@ref66]\] Initial studies determining the subtype pathogenicity reported that ST3 had a strong correlation with symptomatic disease.\[[@ref67]\] Subsequently the ST ST1, 2, 4 and 6 have also been isolated from symptomatic patients.\[[@ref68][@ref69]\] However, ST3 is the commonest subtype reported from symptomatic patients, followed by ST1 and ST2.\[[@ref69][@ref70]\] Intra subtype variations in pathogenicity has also been noted, that is, not all the strains of a particular subtype are pathogenic.\[[@ref3]\] These observations suggest that subtyping alone does not predict the pathogenicity.\[[@ref68]\]

The phenomenon of intra subtype variation in pathogenicity is currently explained by the phenotypic differences between the pathogenic and non-pathogenic members. The most studied phenotypic disparities of the pathogenic members are the predominance of amoeboid forms and the secretion of proteases.\[[@ref47][@ref71]\] The suspicion of the amoeboid forms being virulent had raised long ago when numerous of these forms were demonstrated in a patient with severe diarrhea.\[[@ref72]\] Subsequent reports with similar findings seems to reinforce this further.\[[@ref57]\] Tan and Suresh performed a comparative study by culturing *Blastocystis* isolates from symptomatic and asymptomatic individuals and observed the predominance of amoeboid forms in symptomatic patients.\[[@ref47]\] An interesting observation supporting the virulence of amoeboid forms was made by Vassalos *et al*., while studying the intra subtype variations in ST3. In this study, one of the patients who was an asymptomatic carrier of vacuolar and granular forms of ST3 turned symptomatic within a short period, shedding amoeboid forms in his stool. Hence, the authors recommend performing a specific search for amoeboid forms while screening stool samples of symptomatic patients.\[[@ref56]\]

Secretion of proteases and other hydrolytic enzymes by *Blastocystis* have been identified by polyacrylamide gel electrophoresis and attributed to be responsible for the pathogenesis of gastrointestinal symptoms.\[[@ref71]\] Attempts have been made to deduce the functions of these extra-cellular virulence factors by *in vitro* studies. *Blastocystis* culture lysates have been found to produce cytoskeletal alterations and induce apoptosis in epithelial cells, which results in increased permeability.\[[@ref73]\] Cysteine proteases secreted by the organism are known to stimulate the intestinal mucosal cell to produce interleukin-8.\[[@ref74]\] These mechanisms are suggested to be responsible for the fluid loss and intestinal inflammation in affected individuals. Puthia *et al*., have observed the ability of a cysteine protease to cleave human secretory immunoglobulin A thereby helping in immune evasion and promoting parasite survival *in vivo*.\[[@ref75]\]

Whole genome sequencing has been done for *Blastocystis* ST7, which has unraveled various known and unknown genes. Genes coding for proteins responsible for host protease inhibition have been identified and predicted to be secreted. These proteins are presumed to modulate the host protease activity thereby disturbing the intestinal homeostasis. Also recognized are the genes responsible for the production of non-ribosomal peptides and polyketides which are antibacterial and capable of causing dysbiosis of the protective intestinal microbiome.\[[@ref76]\] Genetic targets coding for hydrolases have been identified, which on expression are capable of altering the protective mucus layer and exposing the surface of the intestinal epithelium for adhesion.\[[@ref77]\] Expression of serine protease and glycosyltransferases is believed to disrupt the tight junctions of the intestinal mucosal epithelium resulting in increased permeability.\[[@ref76]\] However, genomic studies must be followed up with protein expression studies to confirm the findings.

The parasitic molecules responsible for extra-intestinal manifestations are not yet identified. It has been hypothesized that like other parasitic antigens, the antigens of *Blastocystis* stimulate the T-Helper 2 Th2 cells producing immunoglobulin E mediated allergic response.\[[@ref78]\] It is also speculated that *Blastocystis* activates the complement cascade to release anaphylatoxins which interact with the mast cells to convene skin related disorders.\[[@ref79]\] The virulence factors of *Blastocystis* which cause iron deficiency anemia are not yet identified.\[[@ref80]\]

Apart from these, the other features exclusive to virulent strains are large size, rough surface, slow growth rate and increased binding affinity to lectins such as concanavalin and *Helix pomatia* agglutinins.\[[@ref67][@ref81][@ref82]\] Some of the reports attributing the causal role of *Blastocystis* in diseases have mentioned the direct correlation of infection density with severity of clinical symptoms and duration of illness.\[[@ref81][@ref83]\] Although, these are significant observations made, their relevance in pathogenicity must be substantiated by scientific evidence. [Table 2](#T2){ref-type="table"} summarizes the possible clinical events which may occur with *Blastocystis* infection in humans.

###### 

The reported clinical manifestations of Blastocystis infection

![](TP-3-17-g004)

CONCLUSIONS {#sec1-7}
===========

Although *Blastocystis* was identified over a century ago, most of the details about it are still indistinct. The current taxonomical status assigned to the parasite seems to be appropriate for the time being, but is not completely agreeable. Various morphological forms of existence have been identified and described in detail, but their *in vivo* significance is still anonymous. The life cycle of the parasite has been proposed with bits and pieces of available facts and is yet to be elucidated with confirmation. Genomic studies have identified various putative genes responsible for the physiology and virulence of the organism, but this could only be speculative until confirmed by protein expression studies.\[[@ref77]\]

Observations on the pathogenic potential of the organism have been constantly refuted by similar studies, which state the causal role to be statistically insignificant. Since the members of the genus exhibit a vast genetic diversity, several molecular modalities of subtyping have been devised. Numerous studies on assigning the pathogenic potential to the molecular ST are available, but they could not be compared or analyzed with an effective meta-analysis due to the different molecular techniques employed. At present, subtyping based on molecular differences between SSU-rRNA or SSU-rDNA has been uniformly accepted. But this method too has drawbacks while assigning virulence to specific ST, as intra subtype variations in virulence have been observed. Hence a fail proof molecular typing method, which correlates with the phenotype is still unavailable.\[[@ref66]\]

Attempts to get a clear insight on various aspects of *Blastocystis* has been obscured due to the existence of vast intra generic genetic diversity, morphological heterogenicity, lack of a proper animal model and the tendency to associate the organism to an existing unanswered disease.\[[@ref3][@ref89]\] it is hoped that the ambiguity surrounding the organism would be cleared over the forthcoming years with sound scientific studies.
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